Momentum-dependent magnon lifetime in the metallic non-collinear
  triangular antiferromagnet CrB2 by Park, Pyeongjae et al.
Momentum-dependent magnon lifetime in metallic non-collinear triangular
antiferromagnet CrB2
Pyeongjae Park,1, 2, 3 Kisoo Park,2, 3 Taehun Kim,1, 2, 3 Yusuke Kousaka,4 Ki Hoon Lee,2, 3, 5 T. G. Perring,6
Jaehong Jeong,1, 2, 3 Uwe Stuhr,7 Jun Akimitsu,8 Michel Kenzelmann,7 and Je-Geun Park1, 2, 3, ∗
1Center for Quantum Materials, Seoul National University, Seoul 08826, Republic of Korea
2Center for Correlated Electron Systems, Institute for Basic Science, Seoul 08826, Republic of Korea
3Department of Physics and Astronomy, Seoul National University, Seoul 08826, Republic of Korea
4Department of Physics and Electronics, Osaka Prefecture University, Sakai, Osaka 599-8531, Japan
5Center for Theoretical Physics of Complex Systems, Institute for Basic Science (IBS), Daejeon 34126, Korea
6ISIS Pulsed Neutron and Muon Source, STFC Rutherford Appleton
Laboratory, Didcot, Oxfordshire, OX11 0QX, United Kingdom
7Laboratory for Neutron Scattering and Imaging, Paul Scherrer Institut, CH-5232 Villigen, Switzerland
8Research Institute for Interdisciplinary Science, Okayama University, Okayama, Okayama 700-8530, Japan
Non-collinear magnetic order arises for various reasons in several magnetic systems and exhibits
interesting spin dynamics. Despite its ubiquitous presence, little is known of how magnons, other-
wise stable quasiparticles, decay in these systems, particularly in metallic magnets. Using inelastic
neutron scattering, we examine the magnetic excitation spectra in a metallic non-collinear antifer-
romagnet CrB2, in which Cr atoms form a triangular lattice and display incommensurate magnetic
order. Our data show intrinsic magnon damping and continuum-like excitations that cannot be
explained by linear spin wave theory. The intrinsic magnon linewidth Γ(q, Eq) shows very unusual
momentum dependence, which our analysis shows to originate from the combination of two-magnon
decay and the Stoner continuum. By comparing the theoretical predictions with the experiments, we
identify where in the momentum and energy space one of the two factors becomes more dominant.
Our work constitutes a rare comprehensive study of the spin dynamics in metallic non-collinear
antiferromagnets. It reveals, for the first time, definite experimental evidence of the higher-order
effects in metallic antiferromagnets.
Understanding spin dynamics is crucial for the stud-
ies of magnetism in condensed matters as it determines
their magnetic properties at a microscopic level. Spin dy-
namics and corresponding magnetic properties in most
condensed matters have been commonly described by
linear spin-wave theory (LSWT), which interprets col-
lective magnetic excitations as a set of non-interacting
quantized quasiparticles, magnons. However, this well-
established picture has been known to break down in
some cases. For example, non-collinear magnetic systems
host exotic features beyond LSWT in their spin dynam-
ics such as higher-order interactions between magnons
[1] or magnon-phonon hybridization [2]. As far as these
phenomena are concerned, triangular lattice antiferro-
magnets (TLAFs) have been at the center of active re-
search, since they naturally host non-collinear magnetic
structure due to their inherent geometrical frustration [3].
Several previous studies have demonstrated such effects
in insulating TLAFs with non-collinear magnetic ground
states, e.g., magnon linewidth broadening and magneto-
elastic modes in hexagonal manganites RMnO3 (R =
Y, Lu, Ho) [2, 4–6] and delafossites ACrO2 (A = Li,
Cu) [7, 8], and renormalization of magnons in S = 1/2
TLAF Ba3CoSb2O9 [9, 10], to name only a few.
While these works have highlighted some of the
new features in insulating systems, spin dynamics re-
mains still unexplored in metallic non-collinear magnets.
Though the microscopic nature of magnetism in metal-
lic systems can be quite different from that of insulators,
the spin dynamics in most metallic magnets has been
nonetheless explained by the isotropic Heisenberg model
as an approximate description [11]. Thus, it comes down
to an exciting question of whether such a higher-order
interaction can still be present in the spin Hamiltonian
even for metallic magnets or not. Moreover, metallic non-
collinear antiferromagnets have recently attracted con-
siderable interest due to their unique topological prop-
erties, as in Mn3X (X=Ge, Sn) [12–15]. Therefore, it
is timely and urgent to understand the spin dynamics
of metallic non-collinear antiferromagnets in depth. Un-
fortunately, however, there have been very few compre-
hensive studies on the spin dynamics of metallic non-
collinear antiferromagnets using inelastic neutron scat-
tering (INS). It is mainly due to the lack of suitable
metallic non-collinear magnetic materials that can be
grown into large single crystals for INS.
Chromium diboride, CrB2, is an excellent candidate
for this purpose. It has a layered structure (P6/mmm)
with alternating layers of a Cr triangular lattice and a B
honeycomb lattice (Fig. 1a). It shows long-range non-
collinear magnetic order below TN = 88 K. The ideal
Curie-Weiss behavior with θCW ∼ −750 K implies sizable
frustration among the Cr spins (Fig. 1d). Earlier neutron
diffraction experiments on CrB2 single crystal revealed
cycloidal magnetic order with a propagation vector of qm
= (0.285, 0.285, 0) (Fig. 1b, c), together with the other
two symmetrically equivalent magnetic domains [16, 17]
(Fig. 1e). Although the origin of the incommensurate
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2FIG. 1. (a) Crystal and (b) non-collinear magnetic structure
of CrB2 with up to the 5th nearest-neighbor coupling Jm and
an interlayer coupling Jc being marked. (c) Incommensurate
cycloidal magnetic order of CrB2 along the [110] direction.
(d) Magnetization of single crystal CrB2 along several direc-
tions measured under the magnetic field of 1 T. Inset shows
inverse susceptibility consistent with the Curie-Weiss behav-
ior above TN. (e) Three symmetrically-equivalent magnetic
Bragg peaks of CrB2 with labels of q-points used in Fig. 2.
White solid (dashed) lines indicate the momentum contours
used in Fig. 2a (2b), respectively.
magnetic order was not fully explained, it is likely to orig-
inate from the frustration effect in the exchange coupling
due to the presence of further nearest-neighbor interac-
tions [18]. Also, CrB2 has a reduced ordered magnetic
moment (0.5 µB/f.u.), which is a characteristic feature
of itinerant magnets. Finally, temperature dependence
of resistivity [19] clearly demonstrates the metallicity of
CrB2.
In this letter, we report the magnon spectra of a metal-
lic non-collinear antiferromagnet CrB2 over a wide mo-
mentum (q)-energy (E) region. By taking advantage
of the vast data set, we determine the effective spin
Hamiltonian that describes most of the measured spec-
tra. From this analysis, however, we also find unique
features that cannot be explained by LSWT: intrinsic
magnon damping and additional continuum-like excita-
tions above the magnon branch. To gain further insights,
we analyze the intrinsic magnon linewidth at several q
positions, which shows unusual q-dependence. Finally,
we discuss the origin of the observed magnon decay and
the continuum-like signal by comparing the data with the
two-magnon and the Stoner continuum density of states
(DOS).
Single crystals of 11B-enriched CrB2 were synthesized
using the laser floating zone technique to avoid strong
neutron absorption of 10B [20]. Fig. 1d shows the mag-
netization curves of our sample which are consistent with
previous studies [19, 21]. Using five co-aligned single
crystals with a total mass of 13 g and the overall mosaic-
ity less than 1.5◦, we carried out an INS experiment in the
MAPS time-of-flight spectrometer at ISIS, UK [22, 23].
The INS data were collected at T = 5 K with several
incident neutron energies of Ei = 40, 70, and 150 meV.
The data were subsequently symmetrized into the irre-
ducible Brillouin zone and analyzed using the Horace
software [24]. Background signal and phonon spectra of
CrB2 were subtracted by measuring the empty sample
holder separately and with the aid of the DFT calcu-
lation, respectively [20]. Additional INS data were col-
lected using the EIGER triple-axis spectrometer at PSI,
Switzerland with T = 1.5 K and the scattered neutron
energy of Ef = 34 meV.
Figs. 2a and 2b show the energy-momentum slices
from our INS data along the momentum contours indi-
cated in Fig. 1e. No magnon energy gap is seen in the
INS data, implying negligible anisotropy in CrB2 con-
sistent with the nearly isotropic magnetic susceptibility.
Also, the very steep magnon modes along the [00L] di-
rection (EL=0 to EL=1 in Fig. 2b) indicate the three-
dimensional nature of magnetism in CrB2 with a sizable
interlayer coupling Jc. To explain the observed spin-wave
spectra, we adopted the following spin Hamiltonian:
H =
∑
i,m,jm
Jm Si · Sjm +
∑
i,jc
Jc Si · Sjc , (1)
where Jm and Sjm denote the coupling constant and
the spin moment for the mth in-plane nearest-neighbors,
respectively. Using the SpinW library [25], we calcu-
lated magnon dispersion and an INS cross-section from
Eq. 1, including the effect of three symmetrically equiv-
alent magnetic domains. The best fit of the coupling
constants Jm and Jc is shown in Table I. As one can see,
we need the exchange interaction up to the fifth nearest-
neighbor, which is due to the long-ranged Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction in metallic
magnets (see Fig. S3 [20]).
TABLE I. Fitted exchange parameters of CrB2 with their
uncertainty and their coupling distances.
J1S J2S J3S J4S J5S JcS
JS (meV) 40.52 7.856 1.965 -1.807 -1.216 -9.043
∆(JS) (meV) (±)1.62 0.608 0.079 0.061 0.122 0.452
Distance (Å) 2.97 5.144 5.94 7.858 8.91 3.07
Although overall features of the magnon dispersion can
be described at the LSWT level, there are also distinct
signatures that cannot be explained by the theory, calling
3FIG. 2. (a)-(b) INS data obtained at MAPS along the two paths shown in Fig. 1e, and (c)-(d) simulations of the same spectra
using LSWT convoluted with the instrumental resolution of MAPS. Black solid lines are the phonon dispersion lines from the
DFT calculations, and red dotted lines are the fitted spin-wave dispersion lines from our magnetic Hamiltonian. White squares
highlight the region in the q-E space where there exist continuum-like excitations, which cannot be explained by LSWT.
for something beyond LSWT. The most conspicuous ex-
ample is the very broad magnon spectra while the phonon
spectra have the linewidth close to the instrumental res-
olution limit (see Fig. S4 [20]). The magnon spectra are
also much broader than those calculated from the LSWT
simulation after being convoluted with the instrumental
resolution (Figs. 2 and 3). Note that these resolution
effects can be precisely calculated by our analysis using
TobyFit, which fully takes into account a complex res-
olution ellipsoid of a real experiment [26–28] (See Fig.
S4 [20]). These observations suggest the presence of siz-
able magnon linewidth broadening or, in other words,
magnon decay over the large energy-momentum space.
Another noticeable feature is the strong continuum-like
signal, whose positions are indicated by the white squares
in Fig. 2a. These additional excitations were observed in
the two different INS experiments (Fig. 3a), and cannot
be explained by LSWT.
For a full understanding of the observed magnon de-
cay, we analyze the q-dependence of the intrinsic magnon
linewidth along D-G and EL=0-F in Fig. 2. The in-
trinsic half-width at half maximum (HWHM) of the
magnon modes (we call it Γ(q, Eq)) is extracted by fitting
constant-q cuts at different q-positions. For the fitting,
the calculated magnon modes are convoluted with both
the instrumental resolution and the normalized damped
simple harmonic oscillator (DSHO) function f(q, E):
f(q, E) =
4
pi
Γ(q, Eq)E Eq
(E2 − Eq2)2 + 4(Γ(q, Eq)E)2
, (2)
where q and E are the momentum and the energy trans-
fers, respectively. Note that the DSHO model has been
widely used to describe quasiparticle decay in a phe-
nomenological way [29–31]. The fitted results are dis-
played in Fig. 3 as blue solid lines, implying the DSHO
model can well describe the data, except for the q-
positions where the additional continuum-like excitations
appear. Thus, the fitted results near the continuum-like
signal may possess some uncertainty.
Fig. 4a and 4e show the extracted Γ(q, Eq) along the
EL=0-F and the D-G lines, which is an important re-
sult identifying the origin of the magnon decay. Gener-
ally, magnon decay occurs when a magnon branch meets
a multi-particle continuum in the q-E space. In CrB2,
there can be two mechanisms at work for this decay pro-
cess. One is the decay of a magnon into two magnons un-
der a cubic-order magnon-magnon interaction (the two-
magnon continuum), which becomes significant for non-
collinear magnetic order [32]. Another is the decay of
a magnon into an electron-hole pair (the Stoner con-
tinuum), which is common in metallic antiferromagnets.
The former is known to exhibit unique q-dependence of
Γ(q, Eq) according to the previous studies on insulat-
ing TLAFs [2, 33], while the latter commonly leads to
rather monotonic and straightforward q-dependence of
Γ(q, Eq) [34–36]. In this respect, the magnon decay in
CrB2 is more likely to stem from the two-magnon effect,
with the Stoner continuum effect becoming significant at
the higher q points shown in Fig. 4.
To further examine Γ(q, Eq) due to each mechanism
specifically for CrB2, we calculate the non-interacting
two-magnon density of states (DOS) and the Stoner con-
tinuum DOS, separately:
D(q, E) =
1
N
∑
i,j
∑
k
δ(E − Ek,i − Eq−k,j), (3)
where k is a set of q-points on the fine, equally spaced
mesh in the 1st Brillouin zone, Ek,i is the energy disper-
sion of the ith magnon or electron band in CrB2 [20] and
4FIG. 3. (a,b) Comparison between INS data and LSWT sim-
ulation with (blue solid lines) and without (red dotted lines)
the magnon damping effect considered. (a) and (b) shows a
stack of constant q-cuts at different q position along the [-2H
H 0] and [-K K 0] directions, respectively. Each one corre-
sponds to the EL=0-F and D-G lines in Fig. 2. For a better
presentation, scale factors were applied to the undamped cal-
culation. The two constant q-cuts at the bottom of (a) clearly
show additional continuum-like excitations at the q positions
denoted by the white squares in Fig. 2a. Error bars indicate
the standard deviations of the data points.
N is a normalization factor. In terms of the magnon de-
cay process, D(q,Eq) is a quantity counting the number
of possible channels, through which a magnon at (q, Eq)
can decay into two magnons or an electron-hole pair while
satisfying the kinematic constraints of Eq = Ek −Eq−k.
Although D(q,Eq) is not identical to Γ(q, Eq), it is rea-
sonable to compare the two quantities as has been done
in previous studies [4, 37, 38].
Fig. 4 shows the calculated DOS of each continuum
along the two desired q-contours. Except for the high
q region in Fig. 4, the two-magnon DOS shows a char-
acteristic behavior in accordance with the experimental
Γ(q, Eq), while the Stoner continuum DOS shows a sim-
ple monotonic behavior and therefore cannot explain the
observed q-dependence of Γ(q, Eq). The latter behav-
ior is observed as the energy of the magnon branches
is too low for the Stoner continuum to show its char-
acteristic distribution, given that it is derived from the
electron bands with the energy scale of a few eV. This
result clearly suggests the presence of a two-magnon ef-
fect beyond LSWT, which has never been observed in
any other metallic magnets yet. Likewise, the observed
continuum-like excitations might as well be from the two-
magnon scattering since the Stoner continuum generally
FIG. 4. (a) Intrinsic HWHM plot of magnon modes
(Γ(q, Eq)) along the [-2H H 0] direction with calculated two-
magnon (red solid line) and Stoner (blue dashed line) con-
tinuum DOS at (q, Eq). Γ(q, Eq) was extracted from the
fitting (Fig. 3) with the instrumental resolution excluded.
Data points in a shaded region may not be reliable due to
the overlap with the continuum-like signal. Error bars in-
dicate the standard deviations of the fitted HWHM. (b) INS
data, (c) calculated two-magnon continuum DOS, and (d) cal-
culated Stoner continuum DOS along the same direction as
in (a). Red dotted lines indicate the magnon dispersion Eq
from the LSWT calculations. White rectangles indicate the
region where the continuum-like excitations appear. (e)-(h)
are shown along the [-K K 0] direction. For a better presen-
tation, a logarithmic scale was used in (c)-(d) and (g)-(h).
does not have INS intensity as comparable to that of
magnon modes [39]. The sizable two-magnon DOS (Fig.
4c) is also consistent with this statement [4]. For fairer
comparison, however, one should derive the exact form
of the dynamical structure factor of the two-magnon con-
tinuum, which requires more rigorous higher-order calcu-
lations [40].
Such a sizable higher-order effect in CrB2 can be nat-
urally explained with its non-collinear magnetic struc-
ture, which is essential for a non-zero cubic order term
in the bosonized spin Hamiltonian. We think that the
small magnetic moment of CrB2 (µordered = 0.5µB) also
could be a reason behind a significant higher-order term.
However, one has to bear in mind that determining the
precise value of S in metallic magnets is problematic due
to its fluctuating behavior of itinerant nature. Mean-
while, it is also important to discuss how the contribu-
tion of the Stoner continuum to the observed magnon
5spectra is less dominant in CrB2, despite its preva-
lence in metallic antiferromagnets as a primary factor
of magnon damping. One possible reason is that the ob-
served magnon branches are mostly in the low energy
region (< 15 meV) over the large q-space, different from
steep V-shape magnon dispersion seen in other metal-
lic magnets [15, 28–30, 35, 36, 41, 42]. Since the Stoner
continuum DOS is proportional to the energy transfer,
those magnon branches may suffer less from the Stoner
continuum than those in usual metallic antiferromagnets
whereas its influence comes into effect for the high-q
magnon modes with higher energies. It is consistent with
the result shown in Fig. 4a and 4e; the two-magnon
DOS cannot solely explain the experimental Γ(q, Eq) at
the high-q region. Another reason is the non-zero order-
ing wavevector of CrB2, enabling its magnon branches
to avoid the dense region of the Stoner continuum near
the Γ point [20, 43]. As an example, recent studies on
the INS spectra of Mn3(Sn,Ge), which host both steep
V-shape dispersion up to 70 meV and a zero or nearby or-
dering wavevector, have shown severely damped magnon
spectra from the Stoner continuum [15, 41, 42].
To summarize, we have studied the magnon spectra of
the metallic non-collinear antiferromagnet CrB2 over the
wide q-E space. While the overall magnon dispersion
can be explained by LSWT, the data show clear experi-
mental evidence of magnon damping and continuum-like
excitations. By analyzing intrinsic linewidth (Γ(q, Eq))
of the magnon modes, we confirmed characteristic q-
dependence of the magnon damping. Further calcula-
tions show that it is consistent with Γ(q, Eq) due to
two-magnon decay while usual Stoner continuum effects
become noticeable only at higher q points. The result
reveals, for the first time, the presence of higher-order
effects beyond LSWT in metallic antiferromagnets. Our
work contributes to a better understanding of magnetism
in metallic non-collinear antiferromagnets.
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